Abstract-Robust detection algorithms capable of mitigating the effects of colored noise are of primary interest in communication systems operating on power line channels. In this paper, we present a sequence detection scheme based on linear prediction to be applied to single carrier power line communication impaired by colored Gaussian noise. The proposed solution improves the Bit Error Rate (BER) performance with respect to a conventional state-of-the-art system and makes the receiver more robust against colored noise. As a case study, we investigate the performance of the proposed receiver in a high-voltage power line channel limited by corona noise.
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I. INTRODUCTION
Power line communication (PLC) channels provide a potentially convenient communication medium for control signaling and data communication. Even though power lines are an attractive and inexpensive solution for data transmissions, a reliable high-speed communication is a great challenge due to the nature of the medium. Any transmission scheme applied to power lines has to cope with several impairments such as frequency-varying and time-varying attenuation of the medium, intrinsic dependence of the channel model on the network topology and connected loads, the presence of high-level interference signals due to noisy loads and the presence of colored noise. Moreover, the power line channel is also limited by disturbances produced by events outside the transmission channel such as, for example, lightening [1] or disturbances originating within the system, such as network switching [2] , impulse noise [3] and corona phenomena [4] - [6] .
For narrowband applications in power lines, single carrier modulations may be adopted for their simplicity, based on quadrature amplitude modulation (QAM) or other modulation formats. However, in broadband applications strong colored noise sources can severely limit the performance of single carrier systems and demand for adequate signal processing schemes.
In this paper, we propose a single carrier PLC scheme based on linear prediction and multidimensional coding, which exhibits good improvements, in terms of bit error rate (BER) performance, with respect to a state-of-the-art industrial solution. The linear predictive approach is a valuable and general technique that can be used every time a communication system has to cope with colored noise [7] , provided that a correct statistical information on the noise is available at the receiver. First, we will introduce the linear predictive detection scheme considering a general model for the colored noise process. As a case study, we will also analyze the performance of the proposed receiver considering corona noise [5] , [6] as a particular type of colored noise. Moreover, in order to reduce the computational load of the linear predictive receiver, we apply reduced-state sequence detection techniques [8] - [11] , such as "trellis folding by set partitioning" [12] and Per-Survivor Processing (PSP) [11] , and demonstrate the robustness of the proposed scheme in terms of BER and complexity with respect to well-established industrial solutions.
II. LINEAR PREDICTION RECEIVER
Single carrier transmission may be attractive from a complexity point of view. However, since the power line channel is affected by severe intersymbol interference (ISI), powerful detection and equalization techniques are necessary. On the other hand, the practical implementation of these schemes also requires reduced-state approaches.
A. Optimum Detector
Let us consider the transmission scheme depicted in Fig. 1 . We adopt a transmission system based on an eight-state fourdimensional trellis coded modulation scheme (4D-TCM) [13] . We assume a square-root raised cosine shaping filter with frequency response P(f) and a power line channel with frequency response H, (f ). The presence of colored noise with power spectral density given by S(f) = S7 (f) + Sn, (f), being SW (f) and Sn, (f) the power spectral densities of white thermal and colored noise, respectively, and the need for statistical sufficiency yield a detector front-end based on a whitening filter, with frequency response 1 5/(f), and a filter matched to the overall channel response Q* (f) (f), where Q(f) = P(f)H,(f) [14] . The resulting overall frontend filter Q*(f)/S(f) is a standard matched filter for colored noise [14] . We use a sequence detection Viterbi processor, searching an extended trellis diagram including ISI and the encoder memory, and using linear prediction to whiten the colored noise at its input.
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As a consequence, considering the system model in Fig. 1 where gi = g(t) lt=iT= p(t)*hc(t)*rm(-t) t=iT is the overall impulse response of the system with m(t) = F-1 {M(f)} and (2) a where p(r1a) is the conditional probability density function (PDF) of the vector r, given the data vector a and P{a} is the a priori probability of the information symbols. Since the trellis encoder can be described as a time-invariant finite state machine, it is possible to define a sequence of 4D states {11o, ItI,... } over which the encoder evolves and define a deterministic state transition law, function of the 4D information symbol ak, which describes the evolution of the system, i.e., 1,k = f(11k l,ak-1). Note that each state 1,k belongs to a set of finite cardinality. As a consequence, the evolution of the finite state machine of the 4D-TCM encoder can be described through a trellis diagram, in which there is a fixed number of exiting branches from each state: this number will depend on the number of subsets in which the constellation is partitioned [15] .
The 4D-TCM code symbol Ck(ak,Y1k) = (c2kI(ak,1tk), C2k(ak, 1k)), with 2D components belonging to a QAM constellation, is a function of the encoder state 1,k and the information symbol ak at the input of the encoder. Note that C2k1I(ak,/11k) and c2k(ak,/11k) are, respectively, the first and second two dimensional (2D) symbol transmitted over the channel during the four-dimensional time interval. Under these assumptions, we can write the 4D discrete-time observable as Rk = (r2k 1, r2k), where the 2D components are defined using (1) .
Assuming causality and finite-memory [16] , applying the chain factorization rule to the conditional PDF and taking into account the multidimensional structure of the TCM code, we can rewrite (2) as
where K is the length of the transmission and rk, is a shorthand notation for a vector collecting signal observations from time epoch k1 to k2. In the last step of (3), in order to limit the memory of the receiver, we have assumed Markovianity of order v in the conditional observation sequence. Moreover we define a system state accounting for the 4D-TCM coder state 1-tk, the order of Markovianity v and the ISI span L as
The assumed Markovianity results in an approximation whose quality increases with v.
Since we assume that the thermal and the colored noise processes have Gaussian distribution, the observation is conditionally Gaussian, given the data. The application of the chain factorization rule allows us to factor the conditional PDF in (3) (1),kk2(2),... ,k kQ(Q)) in which, for i = 1,...,Q, I,ki(i) C Q(i) are subsets of the code constellation and Q(i) are partitions of the code constellation.1 Defining Ji = card{Q(i)},i = 1,...,Q as the cardinality of the partition Q(i), the number of reduced states in the trellis diagram can be expressed as [8] , [10] 
The branch metric can be obtained by defining a "pseudostate" [12] (k(Wk) ( (1 ) , Wk) m= Ak (ak, (k (Wk)) (7) Ck El'k (1) assuming that the pseudo state ck (Wk) is compatible with Wk, i.e., Ck-i C Iki(i).
In the next sections, we will focus our investigation on a particular kind of colored noise, known as corona noise, and apply the proposed receiver to a high-voltage state-of-the-art power line communication system.
B. Practical Implementation
Since the optimal front-end may be quite complex from a practical point of view, requiring adaptivity and highcomputational load during the filtering process, in Fig. 2 , a practical alternative is also presented. Instead of performing the whitening operation in the analog front-end stage, we propose a linear predictive receiver in which signal processing, necessary for coping with the colored noise, is entirely done in a digital fashion, i.e., modifying the branch metric of a Viterbi ICk-i E Q(i) are 4D coded symbols compatible with the given state. processor. The shaping and matched filter can be both selected with square-root raised cosine frequency response, so that ISI is absent when the PLC channel is well behaved and noise samples are white when the overall noise process is white. The proposed sub-optimal front-end allows to upgrade a state-of-the-art PLC system not designed for a scenario limited by colored noise, by simply modifying the Viterbi processor while leaving unchanged the, possibly analog, front-end stage. As previously outlined, the Viterbi processor enables sequence detection and decoding, searching an extended trellis diagram including ISI and the code memory and using a branch metric defined as in (4) and state-reduction techniques as presented in (6) and (7) We remark that the noise samples d2k-2 are not available at the detector: they must be evaluated through the observation of the output of the front-end and a reconstruction of noiseless signal components associated with the survivor path leading to state (,k The linear system defined in (9) can now be solved using Cholesky factorization [17] , obtaining the prediction coefficient vector p IV. CORONA NOISE MODEL Corona noise is a predominant noise source which characterizes high-voltage power line channels in normal operation. The PLC channel may consist of one or more conductors, depending on the considered coupling scheme, i.e., phase-toground or phase-to-phase [18] . Corona noise is a common noise source for high-voltage transmission lines, since it is permanent and depends on (i) the service voltage, (ii) the geometric configuration of the power line, (iii) the type of conductors involved in the line and (iv) the atmospheric conditions. Corona noise is caused by partial discharges on insulators and in air surrounding electrical conductors of power lines. When high-voltage power lines are in operation, the power frequency voltage originates a strong electric field in the vicinity of the conductor. This electric field accelerates free electrons present in the air nearby conductors: these electrons collide with molecules of the air, generating a free electron and positive ion couple. This process continues forming an avalanche phenomenon called "corona discharge". The positive and negative charges motion induces a current both in the conductors and ground.
The induced current appears like a train of current pulses, with random pulse amplitude variations and random interarrival intervals. The injected current due to corona noise on one conductor can be modeled by a current source [4] , [19] : according to Shockley-Ramo theorem [18] , a corona discharge induces current in all conductors, i.e., each conductor of the power line channel is connected to the ground by a current source.
A few corona noise models are presented in the literature [1] , [4] - [6] : in this article, the model proposed in [5] , [6] is considered. Corona noise, as a random signal, is characterized equivalently through its autocorrelation function or its frequency spectrum. To this purpose, the corona noise spectrum is generated by a method that takes into account the generation phenomena of corona currents injected in the conductors and the propagation along the line [20] , [21] . This spectrum is utilized to synthesize an autoregressive (AR) digital filter [17] , whose output is described by the expression N nk = Z ffnk-+ Wk f=1 (10) where {wk } is a sequence of independent zero-mean Gaussian random variables and {ff} IN1 is the set of coefficients modeling the corona noise process. The synthesis of the digital filter essentially calls for the identification of the coefficients { Nf}N and can be done using a procedure based on the maximum entropy method proposed in [22] or on the minimization of the difference between the estimated frequency spectrum and the measured power spectrum. Tab. I shows a complete set of coefficients modeling the corona noise for different voltage lines with carrier couplings of lateral phase-to-ground type [6] .
Note that (10) defines a corona power spectrum whose frequency components are over the entire frequency domain, i.e., its bandwidth is generally greater than that used by the transmission system. In our simulation, we derive an equivalent complex low pass filtered version of the corona noise process within the bandwidth of the considered signaling scheme. The filter used for the generation of corona noise is a finite impulse response (FIR) complex filter with coefficients obtained using Cholesky factorization [17] applied to the complex low pass filtered corona noise power spectrum. Finally, in Fig. 3 , the corona noise power spectrum obtained with the AR model presented in (10) LP" curve) with CTR=10 dB is the performance of a stateof-the-art single carrier system which operates with a trellis complexity of S = 8 entirely implementable on a single digital signal processor (DSP). The BER curves in Fig. 5 were obtained using a reduced state defined as wk 1-tk, i.e., including only the state of the TCM coder (Q 0), and extracting the past v/2 4D-TCM code symbols using a PSP approach (P equal to half the prediction order v). This set of state parameters allows one to implement a Viterbi algorithm, according to (5) , with a number of reduced states equal to S' = 8, which does not increase the computational load on the DSP. Note that with only a prediction order v = 2 it is possible to obtain almost all the SNR gain achievable using linear prediction, in perfect agreement with the MMSPE results presented in Fig. 4 . Fig. 6 shows the improvement, in terms of EbINo obtainable using the proposed simplified linear predictive receiver considering a 64 QAM constellation scheme operating over the 1050 kV line in Tab. I, with signal bandwidth equal to W = 128 kHz and carrier frequency fc = 305 kHz. The BER curves in Fig. 6 were obtained using different values of the prediction order v, a reduced state defined as wk = (I'tk, k-I(1)), i.e., Q = 1 with J1 = 8, and extracting the past v 2D code symbols using PSP (P equal to half the prediction order v). This set of state parameters allows one to use a Viterbi processor searching a trellis diagram, according to (5) , with a reduced number of states equal to S' = 32, which may still be a tolerable load for a DSP.
VI. CONCLUSIONS
In this paper, optimal and practical receivers based on linear prediction and reduced-state sequence detection applied to single carrier PLC system operating on a channel limited by colored Gaussian noise are presented. The proposed solution may be able to improve the EbINO performance of a conventional state-of-the-art single carrier system and make the receiver more robust against colored noise. As a case study, the proposed receiver was shown to be effectively applicable to a high-voltage PLC channel limited by corona noise.
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